Background: Use of remifentanil during general anesthesia for cesarean delivery has been described, but its maternal and neonatal effects have not been investigated by a controlled study.
OPIOID drugs are usually omitted at induction of general anesthesia for cesarean delivery because of the concern that they may cause neonatal respiratory depression.
However, in some circumstances, e.g., when there is coexisting maternal disease, increases in maternal heart rate (HR) and arterial blood pressure may be detrimental, and use of an opioid can be justified. Of available opioids, remifentanil may be ideally suited for use in obstetrics because of its rapid metabolism by nonspecific blood and tissue esterases in both mother and neonate. Accordingly, a number of case reports have described the use of remifentanil at induction of general anesthesia in mothers with conditions that include cardiac disease, [1] [2] [3] [4] [5] [6] [7] neurologic disease, 8, 9 liver disease, 10 and preeclampsia. 11 In the majority of these reports, no adverse effects on neonatal condition at birth were described, leading to suggestions that remifentanil does not cause significant respiratory depression in the neonate. 1, 6 However, there have been no controlled studies to support this.
The aim of our study was to compare the maternal and neonatal effects of a single intravenous bolus of 1 g/kg remifentanil versus saline control given at induction of general anesthesia for cesarean delivery. A secondary objective was to assess placental transfer of remifentanil by measuring its plasma concentration in maternal arterial and umbilical cord blood.
Materials and Methods
This study received approval from the Clinical Research Ethics Committee of the Chinese University of Hong Kong, and all patients gave written informed consent. We recruited 40 women with American Society of Anesthesiologists physical status I or II and term singleton pregnancies who were scheduled to undergo elective cesarean delivery for which general anesthesia had been decided on for clinical reasons. We excluded patients with preexisting or pregnancy-induced hypertension, cardiovascular or cerebrovascular disease, a history of substance abuse, or known fetal abnormalities.
Patients were premedicated with 150 mg ranitidine or 20 mg famotidine orally the night before and on the morning of surgery and 0.3 M sodium citrate, 30 ml, on arrival to the operating room. Standard monitoring included noninvasive blood pressure measurement, electrocardiography, and pulse oximetry. We allowed patients to rest undisturbed in the supine position for several minutes, during which blood pressure was measured every 1-2 min. Uterine displacement was achieved by tilting the operating table to the left. Blood pressure measurements were continued until they became consistent (three successive measurements of systolic arterial pressure [SAP] that had a difference of no more than 10%). Values for baseline SAP and HR were calculated as the mean of the three recordings. We then inserted a wide-bore intravenous catheter into a forearm vein during local anesthesia and started a slow infusion of lactated Ringer's solution.
We randomly allocated patients to one of two groups by drawing of sequentially numbered sealed envelopes that each contained a computer-generated randomization code. Replacement randomization was used when the codes were generated to ensure equal numbers in each group. 12 For the remifentanil group, 1 g/kg remifentanil was diluted to a volume of 15 ml with saline in a syringe labeled "study drug." For the control group, 15 ml saline was drawn into an identically labeled syringe. Randomization was performed by an anesthesiologist or investigator who was not involved in patient assessment. The dose of remifentanil we studied was based on data from nonobstetric patients that showed that a bolus of 1 g/kg was more effective than 0.5 g/kg for controlling increases in blood pressure and HR after tracheal intubation and caused less hypotension and bradycardia than 1.25 g/kg.
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After preoxygenation, we injected the study drug intravenously over 30 s. We defined the end of injection as time 0 and marked this by starting a stopwatch. We then immediately performed rapid sequence induction. Thiopental, 4 mg/kg, and 1.5 mg/kg succinylcholine were given intravenously, and cricoid pressure was applied. Tracheal intubation was performed using direct laryngoscopy at 1 min. Anesthesia was maintained using isoflurane, adjusted to maintain an end-tidal concentration of 0.5%, and 50% nitrous oxide in oxygen. We ventilated the lungs to maintain an end-tidal carbon dioxide concentration of 32 mmHg. We gave atracurium as required for further muscle relaxation as indicated by a peripheral nerve stimulator. We recorded the times of skin incision, uterine incision, and delivery.
Noninvasive blood pressure was measured at 1-min intervals starting from time 0, and heart rate was measured by electrocardiography. We downloaded all hemodynamic data to a computer at 5-s intervals using software developed within our department. We recorded the maximum and minimal values for SAP, mean arterial pressure (MAP), and HR in the period between induction and uterine incision for each patient.
Hypotension occurring after induction was defined as MAP less than 60 mmHg. This was treated initially by increasing the intravenous fluid infusion followed by 10 mg intravenous ephedrine if more than two consecutive measurements of hypotension occurred. Bradycardia occurring after induction was defined as HR less than 50 beats/min and was treated with intravenous boluses of 0.6 mg atropine as required.
After delivery, the neonate was assessed by a pediatrician (K.C.M.) who was unaware of maternal group assignment. Time to sustained respiration, resuscitative measures required, and Apgar scores 1 and 5 min after birth were recorded. Neonatal resuscitation was performed according to published guidelines.
14 This included the use of tactile stimulation, oxygen insufflation, bag-mask ventilation, tracheal intubation, and suction. According to the guidelines, intramuscular naloxone was indicated by the following criteria: (1) severe respiratory depression after positive-pressure ventilation to restore a normal heart rate and color and (2) history of maternal narcotic administration within the past 4 h. Because of the blinded nature of the study, the second criterion was assumed present for all cases. As a contingency for times when the pediatrician coinvestigator would not be available to attend study cases, the on-call attending pediatric staff were instructed in the study protocol. The decision for admission to the neonatal intensive care unit was according to standard departmental guidelines.
After clamping of the umbilical cord, we gave 0.15 mg/kg morphine and 5-10 U oxytocin intravenously. We then maintained anesthesia using isoflurane adjusted to maintain an end-tidal concentration of 0.3%, and 70% nitrous oxide in oxygen. At the end of surgery, residual neuromuscular block was antagonized using neostigmine and atropine. We provided postoperative analgesia using patient-controlled analgesia. The patientcontrolled analgesia device (Abbott Pain Management Provider; Abbott Laboratories, North Chicago, IL) was set to deliver morphine with the following settings: bolus 1 mg, lockout 5 min, 4-h limit 20 mg, and no background infusion.
At the time of delivery, we collected a sample of maternal arterial (MA) blood by radial artery puncture for measurement of plasma concentration of remifentanil. Immediately after delivery of the placenta, we collected samples of umbilical venous (UV) and umbilical arterial (UA) blood from a double-clamped segment of umbilical cord. These samples were used for measurement of the following: (1) blood gases using a Ciba-Corning 278 Blood Gas System blood gas analyzer (Ciba-Corning, Medfield, MA) for patients 1-13 and a Rapidpoint 400 analyzer (Bayer Diagnostics Mfg.
[Sudbury] Ltd., Sudbury, United Kingdom) for patients 14 -40; (2) oxygen content and total hemoglobin concentration using an IL 682 cooximeter (Instrumentation Laboratory, Lexington, MA) with correction for 70% fetal hemoglobin; and (3) plasma concentration of remifentanil.
Each patient received a routine postoperative follow-up visit on the first day after surgery by an anesthesiologist. In addition, we recorded the total morphine consumption in the first 24 h after operation by down-loading data from the electronic memory of the patientcontrolled analgesia device.
Remifentanil Assay
An assay for remifentanil with a small lower limit of detection was devised for the study by one of the investigators (A.W.). We placed blood samples taken for measurement of remifentanil into tubes containing 20 l citric acid. The samples were immediately tumble-mixed and flash frozen with liquid nitrogen and then stored at Ϫ80°C until analysis. Remifentanil concentration was measured using a liquid chromatography-tandem mass spectrometry system (Applied Biosystems, Boston, MA) in our departmental laboratory. The gradient chromatography was achieved using a reversed phase Hypersil BDS C18 column (ThermoQuest, Runcorn, United Kingdom) with a mobile phase consisting of a mixture of formic acid-acetonitrile and ammonium acetate buffer. Remifentanil concentrations ranging from 0.05 to 20 ng/ml, and fixed amounts of papaverine (internal standard) were spiked into the samples for calculating calibration graphs. During the sample preparation, 0.5 ml of sample (either blank whole blood or patient sample), buffer, and methylene chloride were added. After evaporation of the methylene chloride under nitrogen gas, the residue was reconstituted with 40 l mobile phase solution, and an aliquot of 30 l was injected into the system for analysis. The liquid chromatographytandem mass spectrometry system was operated in the positive ion mode using multiple reaction monitoring with multiple reaction monitoring transitions monitored at m/z 377.4 ¡ 228.1 for remifentanil and m/z 340.3 ¡ 202.0 for papaverine. Interference originating from endogenous compounds in the biologic fluids was not found at the retention times of the analyte and the internal standard. The limit of detection was 0.025 ng/ml based on a signal-to-noise ratio of 3. Linear responses were obtained in analyte/internal standard peak height ratios for analyte concentrations ranging from 0.05 to 20 ng/ml with a correlation coefficient value of 0.9995. Precision and accuracy were assessed by performing analyses on replicate control whole blood samples (0.05, 0.1, 0.5, 1, 5, and 10 ng/ml). The within-day (intraassay) coefficients of variation ranged from 2.84 to 7.81%, and the between-day (interassay) coefficients of variation ranged from 5.20 to 8.27%.
Statistical Analysis
We defined the primary outcome as the maximum increase in SAP from baseline after induction. Using data from our previously published work on hemodynamic changes during cesarean delivery during general anesthesia, 15 we calculated a priori that a sample size of 20 patients would have greater than 80% power at the 5% significance level (two tailed) to detect a difference in magnitude of 50% for the maximum increase in SAP in the remifentanil group compared with the control group.
Univariate intergroup comparisons were made using the Student t test and the Mann-Whitney test as appropriate. Nominal data were analyzed using the chi-square test and Fisher exact test. Serial changes in SAP, MAP, and HR were analyzed using two-way analysis of variance for repeated measures. In this analysis, the independent (qualitative) variable was defined as patient group, and the dependent (quantitative) variable was defined as SAP, MAP, or HR, measured repeatedly over time for each subject. Data were tested for normality using the Kolmogorov-Smirnov test and for sphericity using the Mauchly test. If the Mauchly test was significant, indicating violation of the assumption of sphericity, we used the Greenhouse-Geisser adjustment. We used the univariate approach to analyze within-subjects effects. If there was a significant interaction between the betweengroups and within-subjects factors (significant treatment ϫ time interaction), we performed simple effects analysis of between-groups factors for all time levels, with Bonferroni adjustments, using a multivariate analysis of variance model. All analyses were performed using Statview for Windows 5.0.1 (SAS Institute Inc., Cary, NC), SPSS for Windows 10.1.4 (SPSS Inc., Chicago, IL) and Confidence Interval Analysis 2.0.0 (T. Bryant, University of Southampton, United Kingdom). Values of P Ͻ 0.05 were considered significant.
Results
Patient recruitment was completed over a period of 2 yr and 1 month from September 2001 to October 2003. The time required to complete data collection reflects an approximate 8% rate of usage of general anesthesia for elective cesarean delivery in our unit during the study period. The indications for general anesthesia were similar between groups and included placenta previa (24), patient refusal of regional anesthesia (13) , and contraindication to regional anesthesia because of anticoagulant therapy or spinal deformity (3). Patient characteristics and surgical details were similar between groups (table 1) .
There were no differences between groups in baseline figures 1 and 2 . Because the time from induction to uterine incision varied among patients, serial hemodynamic changes were only compared up to the time of uterine incision of the patient with the smallest induction-to-delivery interval, which was at 7 min. There were no major violations of assumptions of normality, but for all analyses, the Mauchly test of sphericity was significant, and therefore the Greenhouse-Geisser adjustment was applied. For SAP, MAP, and HR, there was a significant treatment ϫ time interaction. Analysis of between-groups factors for all time levels showed that SAP was greater in the control group versus the remifentanil group from 0 to 6 min, MAP was greater in the control group versus the remifentanil group from 0 to 6 min, and HR was greater in the control group versus the remifentanil group from 2 to 7 min.
The results of clinical assessment of the neonates are shown in table 3. In five cases, the assessment was made by the on-call pediatrician because the pediatrician coinvestigator was unable to attend. Apgar scores and the number of neonates requiring resuscitative measures were similar between groups. No neonate required tracheal intubation. The median time to sustained respiration was 75 (range, 0 -240) s in the remifentanil group versus 25 (0 -180) s in the control group (P ϭ 0.28). Two neonates in the remifentanil group required a single dose of naloxone because they had poor respiratory effort at birth, whereas no neonate in the control group required naloxone (P ϭ 0.49). The first neonate who required naloxone had Apgar scores of 6 (1 min) and 10 (5 min) and required a short period of assisted ventilation with onset of sustained respiration after 120 s. The MA and UV plasma concentrations of remifentanil were 0.35 and 0.24 ng/ml, respectively; sufficient blood could not be obtained for measurement of UA remifentanil. The second neonate had Apgar scores of 6 (1 min) and 8 (5 min) and also required a short period of assisted ventilation with onset of sustained respiration after 90 s. The MA, UV, and UA plasma concentrations of remifentanil were 0.40, 0.20, and 0.16 ng/ml, respectively. No 
001). Analysis of between-groups factors for all time levels
showed that systolic and mean arterial pressure were greater in the control group versus the remifentanil group from 0 to 6 min (P < 0.05).
Fig. 2. Serial changes in mean arterial pressure.
There was a significant treatment ؋ time interaction (P < 0.001). Analysis of between-groups factors for all time levels showed that heart rate was greater in the control group versus the remifentanil group from 2 to 7 min (P < 0.05).
other factors that may have contributed to neonatal depression were identified in these cases. The inductionto-delivery times were 14.4 and 12.5 min, and the uterine incision-to-delivery times were 45 and 90 s, respectively, and there was no maternal hypotension in either case. Both neonates who were given naloxone were admitted to the neonatal intensive care unit for observation, but there were no sequelae. Maternal arterial, UV, and UA blood gases; hemoglobin concentration; and oxygen content results are shown in 
Discussion
Our study showed that, compared with saline control, a single bolus of 1 g/kg remifentanil given immediately before thiopental and succinylcholine attenuated the increase in blood pressure and HR after induction and tracheal intubation in patients undergoing elective cesarean delivery during general anesthesia. These findings corroborate previous uncontrolled reports of the use of remifentanil in parturients with coexisting disease and confirm that remifentanil is a useful adjunct for general anesthesia in parturients for whom marked hemodynamic fluctuations are undesirable.
However, there is some concern that two neonates of mothers who received remifentanil in our study were given naloxone. Naloxone was also given to neonates in two previous reports when remifentanil was given at cesarean delivery 4, 9 and in one report the neonate was born apneic with chest wall rigidity. 10 This shows that, contrary to previous suggestions, 1, 6 remifentanil does have the potential to cause a degree of neonatal respiratory depression. However, a number of factors in our study suggest that the degree of respiratory depression from remifentanil at the dose given in our study was mild. Spontaneous respiration was rapidly established in both neonates who received naloxone, and both had Apgar scores of greater than 7 at 5 min. Overall, there was Values are mean (SD). Data from one patient were omitted in calculation of umbilical arterial (UA)/umbilical venous (UV) ratio because sufficient blood was not obtained.
MA ϭ maternal arterial.
no difference between groups in time to sustained respiration and Apgar scores, and no neonate in our study required tracheal intubation. Furthermore, as part of our study, it had been emphasized to the attending pediatricians that the mother may have received an opioid on induction; it is possible that this may have influenced their threshold for deciding to give naloxone. Finally, umbilical cord blood concentrations of remifentanil in the two neonates who received naloxone were near the midpoint of the range of values measured in our study, suggesting that other factors were likely to have contributed. Therefore, when there is a clear maternal indication, we would continue to recommend the use of remifentanil provided there is careful evaluation of the potential risks and benefits and adequate preparation for neonatal resuscitation, including attendance by a pediatrician. Previous reports of remifentanil used at cesarean delivery have described the use of an infusion, with or without a preceding bolus dose. However, there is little evidence to support this as the optimal technique, and it is possible that use of an infusion may contribute to the risk of neonatal depression. For example, Alexander 16 described the use of a bolus dose of 1 g/kg remifentanil followed by an infusion of 0.5 g · kg Ϫ1 · min Ϫ1 in 6 healthy patients undergoing general anesthesia for cesarean delivery. Using this regimen, maternal blood pressure and HR decreased, 3 patients required glycopyrrolate for bradycardia, and 3 neonates were observed to have respiratory depression, suggesting that the dosage regimen used was too great. Similarly, Van de Velde et al. 17 described the use of a bolus dose of 0.5 g/kg remifentanil followed by an infusion of 0.2 g · kg Ϫ1 · min Ϫ1 in 10 patients undergoing propofol-based general anesthesia for semielective cesarean delivery. In that report, maternal hypotension occurred in 2 cases, 2 of 13 neonates had Apgar scores of less than 7 at 5 min, and 6 of 13 neonates required assisted ventilation after birth. The possible contribution of propofol to neonatal depression in that report is undetermined.
In contrast, in our study we decided to give only a single bolus of remifentanil immediately before induction. Remifentanil has a rapid onset with maximum effect at 1-3 min 18 and a short duration of action because of rapid metabolism by nonspecific blood and tissue esterases. This makes a single-bolus technique well suited to attenuating the response to a discrete stimulus such as tracheal intubation. For cesarean delivery, we considered this technique to be the best compromise between attenuating the maternal stress response to tracheal intubation and minimizing neonatal plasma concentrations of remifentanil at birth. By avoiding the use of an infusion, neonatal depression at birth should be minimized because of metabolism of the single dose of remifentanil in both maternal and neonatal plasma. However, because two neonates in our study required naloxone, it is possible that the dose we used was excessive. Further dose-response investigations would be of interest.
Should remifentanil be used routinely in general anesthesia for elective cesarean delivery? Normally, after induction of general anesthesia for cesarean delivery without attenuation of the stress response to tracheal intubation, blood pressure and HR may transiently increase to alarmingly high levels in some patients. 15 However, in healthy normotensive patients, this is unlikely to be detrimental and, weighed against the possibility of neonatal depression, argues against the routine use of remifentanil in the dose used in our study. Furthermore, respiratory depression from remifentanil might make it more difficult to establish spontaneous respiration in the mother after failed tracheal intubation. Conversely, induction is associated with increased plasma concentrations of catecholamines, 19 which potentially may decrease uterine blood flow. 20 In previous work, we compared a single bolus of 10 g/kg alfentanil with control in patients undergoing elective cesarean delivery during general anesthesia. 15 In that study, we found that mothers who received alfentanil had a smaller increase in plasma catecholamine concentration after induction compared with control. This was associated with greater values for UA partial pressure of oxygen (PO 2 ) in the alfentanil group, raising the possibility of possible fetal benefits from attenuating the maternal stress response. However, because the magnitude of the difference was small and neonates in the alfentanil group had lower Apgar scores, for uncomplicated elective cases, the routine use of alfentanil was not recommended. In comparison, in the current study, we found no significant differences in indices of fetal oxygenation and thus no evidence for a fetal benefit of giving remifentanil. Nonetheless, because there was no difference in Apgar scores between groups, this suggests that if a rapid-acting opioid is required in an obstetric patient, at the doses studied, remifentanil may be a better choice than alfentanil.
In our study, we found that UV PCO 2 was slightly greater in the remifentanil group compared with control. A similar finding was reported by Kan et al., 21 who described the use of a remifentanil infusion during epidural anesthesia for cesarean delivery. The reason for this is unclear. Kan et al. explained it by their observation of a slightly increased MA PCO 2 , which was consistent with a maternal respiratory depressant effect of remifentanil. However, in our study, this is an unlikely explanation because, although we did not measure MA blood gases, all patients had ventilation controlled during general anesthesia to the same end-tidal carbon dioxide value. An alternative possible explanation is that the increased values for UV carbon dioxide in patients who received remifentanil might reflect a smaller number of neonates in the remifentanil group compared with the control group who had onset of neonatal respiratory effort before the umbilical cord was clamped and may be a further reflection of residual depressant effect of remifentanil. However, the mean difference between groups in our study was small and unlikely to be of clinical significance, and because we did not measure this variable in our study, the explanation remains speculative.
The concentrations of remifentanil in maternal and umbilical blood in our study were much lower than those reported by Kan et al. 21 This reflects differences in dosage and method of administration. Kan et al. infused remifentanil at 0.1 g · kg Ϫ1 · min Ϫ1 after establishing an epidural block and deliberately delayed skin incision for at least 15 min to establish a steady state concentration of remifentanil at delivery. This contrasts with our study, in which we gave a single bolus and avoided an infusion with the intention of minimizing maternal and neonatal concentrations at delivery. Our calculated value for the UV/MA ratio of remifentanil (0.73 [SD, 0.17]) is similar to the value reported by Kan et al. 21 (0.88 [0.78]) when variability of the data are taken into account. Therefore, our results support the conclusion that remifentanil readily crosses the placenta. However, our value for the UA/UV ratio (0.60 [SD, 0.23]) is greater than that reported by Kan et al. 21 (0.29 [0.07]). Therefore, our data support the conclusion that remifentanil undergoes metabolism or redistribution in the neonate but suggest that this occurs to a lesser extent than that suggested by Kan et al. In summary, we have shown that a single bolus of 1 g/kg remifentanil attenuated the increase in maternal HR and blood pressure after induction of general anesthesia and tracheal intubation. However, remifentanil readily crossed the placenta, and respiratory depression requiring naloxone was observed in two neonates of mothers who received remifentanil. Remifentanil is a useful adjunct for improving maternal hemodynamic stability during general anesthesia for cesarean delivery, but it should be used when there is a clear maternal indication and when adequate facilities for neonatal resuscitation are available.
